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 Abstract—A special pilot pattern across two OFDM symbols is devised for  channel estimation in OFDM 
systems with IQ imbalance at receiver. Based on this pilot pattern, a high-efficiency time-domain (TD) least 
square (LS) channel estimator  is proposed to suppress channel noise by a factor of N/(L+1)  in comparison 
with the frequency-domain LS one in [1] where N and L+1 are the total number of subcarriers and the 
length of cyclic prefix, respectively. Following this, a low-complexity frequency-domain (FD) Gaussian 
elimination (GE) equalizer  is proposed to eliminate IQ distortion by using only 2N complex multiplications 
per OFDM symbol. From simulation,  the proposed TD-LS/FD-GE scheme using only two pilot OFDM 
symbols  achieves the same bit error rate ( BER) performance under ideal channel knowledge and no IQ 
imbalances at low and medium signal-to-noise ratio (SNR) regions whereas these compensation schemes 
including FD-LS/Post-FFT LS, FD-LS/Pre-FFT Corr, and SPP/Pre-FFT Corr  in [1] require about twenty  
OFDM training symbols to reach the same performance where A/B denotes compensation scheme with A 
being channel estimator and B being equalizer.  
Index Terms—IQ imbalance, equalizer, channel estimation, time domain, frequency domain, least square. 
I INTRODUCTION 
Orthogonal frequency division multiplexing (OFDM) has been adopted in several standards such as 
wireless local area network (IEEE 802.11a, g and n), wireless metropolitan area network (IEEE 802.16d, 
e and m), digital audio broadcasting, LTE/LTE-advanced, digital radio mondiale and digital video 
broadcasting. Compared with the heterodyne receiver, the direct conversion RF receiving architecture is 
recently reconsidered as a promising solution in OFDM systems to reduce the cost and power 
consumption of the receiver [1]-[3]. However, the latter is severely distorted by gain and phase 
imbalances between the I and Q paths due to imperfections of the analog components [1]-[3]. This will 
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A Frequency-domain Compensation Scheme 
for IQ-Imbalance in OFDM Receivers 
severely destroy the orthogonality among the OFDM subcarriers and cause intercarrier interference, 
giving rise to a high bit error rate (BER) floor. Therefore, estimation and compensation of IQ imbalance in 
the direct conversion receivers are crucial to OFDM receiver performance. 
The schemes of canceling IQ imbalance have been investigated by several scholars. In [1], the authors 
derive the SNR loss of IQ-imbalance in OFDM receivers and propose several frequency domain(FD) and 
time-domain (TD) methods including post-FFT least-squares, adaptive least mean square (LMS) and 
pre-FFT TD compensation to eliminate IQ distortions. They extend these methods to IQ imbalances at 
both transmitter and receiver [4]. Blind estimation and compensation schemes in the time domain have 
also been proposed [5]. Joint estimation of IQ imbalance and several other impairments such as phase 
noise, frequency offset are investigated in [6]-[10]. In [6], a finite impulse response (FIR) filter followed 
by an asymmetric phase compensator has been proposed to correct both frequency dependent and 
frequency independent IQ imbalance. In [8], a differential filter is employed to estimate the frequency 
offset and IQ imbalance. A compensation method based on the subcarrier allocation of OFDM signals is 
proposed in [9]. [11] extends the research of Tx/Rx IQ imbalances to the case of packet-switched systems. 
In [12] and [13], authors focus on pilot design and reduced complexity compensation in MIMO-OFDM 
systems with IQ imbalance. 
Unfortunately,  the FD LS channel  estimation in [1] doesn’t exploit the TD property of the channel  in 
the presence of IQ imbalance. Thus, it requires more than twenty training OFDM symbols to achieve the 
same BER performance with ideal channel knowledge and no IQ-imbalance (abbreviated as ideal IQ 
below). Obviously, this scheme is low on bandwidth efficiency. To overcome this problem, we design an 
LS channel estimator which fully exploits the TD property of channel parameters to reduce the impact of 
channel noise. Hence, it requires only two OFDM symbols to reach the BER performance of ideal IQ. 
Notations: Bold letters denote vectors and matrices.  T ,  * ,and  H denotes transpose, conjugate, and 
conjugate transpose operations, respectively. Operation diag(x) places vector x on diagonal of a diagonal 
matrix. nI  and 0n×m  are the  n n  identity and n m  zero matrices, respectively. 
This paper is organized as follows. Section II describes the system model. Pilot pattern, TD-LS channel 
estimation and Gaussian elimination (GE) equalization are proposed in section III. Simulation results are 
listed in section IV.  Section V concludes the paper. 
II SYSTEM MODEL 
In OFDM systems with IQ imbalance as shown in Fig.1, the transmitted block of N data symbols over 
N subcarriers is denoted as 
     = 1 2 Ts s s N  s                                                              (1) 
whose IDFT operation yields 
Hs = F s                                                                          (2) 
where   
    - 2π - 1 - 11= exp j n mm,n
NN
   F
                                                        (3) 
    = -1j      1, 2, ,m,n N     
Then, the received OFDM symbol before being distorted by IQ imbalance is expressed as  
Hy = F ΛF s + w                                                                 (4) 
where  
 diag H  and 
( - -1) 1
    
=
N L 
   
h
H F
0                                                      (5) 
and       T= [ 1  2 1 ]h h h Lh   is the channel impulse response (CIR). The received OFDM symbol 
distorted by IQ imbalance is written as  
*= +μ νz y y                                                                    (6) 
where    = cos / 2 + sin / 2μ θ jα θ and    = cos / 2 - sin / 2ν α θ j θ , θ  and   are phase and amplitude 
imbalance between I and Q branches[1].Taking FFT operation on (6) gives 
   # #= + +μ νz H s H s wdiag diag                                                     (7) 
where the operation # is defined as [1]  
           # * * * * * * T= [ 1 2 / 2 + 2 / 2 +1 / 2 2  ]X X X N X N X N XX                                (8) 
where 
            T= [ 1  2 / 2  / 2 + 1 / 2 + 2  ]X X X N X N X N X NX                                   (9) 
From [1],  if =X Fx , then  
 ## *= =X Fx Fx                                                            (10) 
Thus, we obtain the following equality 
   # ## * **= = =X Fx Fx X                                                       (11) 
For the simplicity of discussion, block fading is assumed in the following, i.e., channel is assumed to be 
constant within a frame and variable from frame to frame. 
III PROPOSED SCHEME COMBINING PILOT DESIGN, EQUALIZATION AND CHANNEL 
ESTIMATION 
In the following, a low-complexity Gaussian elimination is adopted to cancel the IQ distortion based on 
operation #. Then, a particular training pattern using two adjacent OFDM symbols is designed and a 
TD-LS channel estimation is presented to provide a high-precision estimation of channel parameters *ν /μ ,
μH  and *ν H .  
A.  Gaussian Elimination Equalizer 
Due to the equalities,     # # #diag = diagH s H s  and     ## #diag = diagH s H s , making # operation on (7) 
yields  
   ## * * # #= diag + diag +ν μz H s H s w                                                   (12) 
Assuming 
*
νκ = μ is known, based on (7) and (12), we construct 
   # * #- = - diag + -κ μ κν κz z H s w w                                                       (13) 
(13) no longer has the IQ distortion present in (7) and can be rewritten as 
    # * #- = diag - diag + -κ μ κ ν κz z H H s w w                                               (14) 
which gives the following detector as 
      -1* #ˆ = diag - diag -μ κ ν κs H H z z                                                    (15) 
Equation (15)  can be simplified as 
        
#
*
-
=
- ν
k κ k
k μ k κ k
z z
s
H H
                                                             (16) 
To obtain s from (15) or (16), κ , H , and * H  need to be estimated in advance, among which h  and 
* h  are 
 -1 1
   
=
N -L
μμ

    
h
H F 0                                                             (17) 
and                                                                                 
 
*
*
-1 1
   
=
N -L
νν

    
h
H F
0                                                              (18) 
Similar to [1], the loss in signal-to-noise (SNR) from the difference between the error variance given by 
(16) and the error variance   2/2wσ kH  is 
 
2
2 2 2*
1 +
Loss in  SNR = 10log
- 2Re +
κ
μ κν μ κ ν
    
                                   (19) 
 
where Re (x) denotes the real part of x.  
Fig. 2 shows the theoretical lower bounds concerning the loss in SNR due to IQ imbalances. The 2D 
surfaces of loss in SNR are based on the results (19) derived in Section III and (31) in [1]. These bounds 
are computed with perfect channel and distortion parameter knowledge available at the receiver, therefore 
serving as the theoretical lower bounds on the SNR loss due to imbalances. From this figure, the lower 
bound of the GE equalizer proposed in this letter is better than that of the LS equalizer in [1]. 
B. Pilot Pattern Design and TD-LS Estimation of  Channel Parameters. 
Let us devise the frequency-domain pilot vectors of two pilot OFDM symbols at the beginning part of 
frame as  
 /2-1 1
    
    
=
    
N
η
η

       
p
1
s
s
0
                                                                   (20) 
and  
  /2-1 1
    
=
    
   
N
jη
jη

       
2
p
0
s
 s
                                                               (21) 
where 2 sη= P  with sP  being the average transmit power for signal constellation and ps  is an / 2 1N   
dimensional column pilot vector with     H str E = -1N Pp ps s . After the two pilot symbol vectors passes 
through multipath channel, we get the following received training vectors and symbols in frequency 
domain as follows   
      2: /2 = diag 2: /2 + 2: /2N μ N N1 p 1z H s w                                            (22) 
      #/ 2+2: = diag / 2+2:  + / 2+2:N N ν N N N N1 p 1z H s w                            (23) 
      #2: / 2 = diag 2: / 2 + 2: / 2N ν N N2 p 2z H s w                                      (24) 
      / 2+2: = diag / 2+2:  + / 2+2:N N μ N N N N2 p 2z H s w                            (25) 
and        *1 = 1 + 1 + 1μ η ν η1 1z H H w                                              (26) 
       */ 2+1 = / 2+1 + / 2+1  + / 2+1N μ N η ν N η N1 1z H H w                             (27) 
       *1 = 1 - jν 1 + 1jμ η η2 2z H H w                                                (28) 
       */ 2+1 = / 2+1 - / 2+1  + / 2+1N jμ N η jν N η N2 2z H H w                           (29) 
Then, combining (26)-(29) forms the following equations 
         -0.5 1 + 0.5 1 = 1 - 0.5 1 + 0.5 1j μ η j2 1 2 1z z H w w                             (30) 
         *0.5 1 + 0.5 1 = 1 + 0.5 1 + 0.5 1j ν η j2 1 2 1z z H w w                              (31) 
         -0.5 / 2 + 1 + 0.5 / 2 + 1 = / 2 + 1 - 0.5 / 2 + 1 + 0.5 / 2 + 1j N N μ N η j N N2 1 2 1z z H w w   (32) 
   0.5 /2 + 1 + 0.5 /2 + 1 =j N N2 1z z      */2+1 +0.5 /2+1 +0.5 /2+1ν N η j N N2 1H w w            (33) 
where  #1= / 2 + 2 :N Nps s . Stacking (22), (25), (30) and (32) gives a large matrix-vector form of 
   
 
   
 
         -0.5 1 +0.5 1
                2 : / 2
= =
-0.5 / 2 +1 +0.5 / 2 +1
             / 2 + 2 :
j
N
j N N
N N
       
2 1
1
a
2 1
2
z z
z
z
z z
z
  
 
   
 
   
 
          - 0.5 1 + 0.5 1
                  2 : / 2
diag +
-0.5 / 2 +1 + 0.5 / 2 +1
                / 2 + 2 :
jη
Nμ η j N N
N N
                    
a
2 1
p 1
2 1
p 2
w
w w
s w
H
w w
s w


   
 1 1
diag diag
N -L- ?
η
μμη
               
p
p
a p a
p
s
s     h
= H + w = s F + w0
s

 

  (34) 
Thus, the LS estimate of μh  is given as 
   -1 -1H H= diag = + diagTD LSμ μ  p a p ah PF s z h PF s w                                         (35) 
where +1 ( +1) ( - -1)=  L L N L  P I 0 . Then, we have the estimate of μH as 
     LS
( -1) 1
   =TD LS
N -L
μμ



    
hH F
0
                                                               (36) 
In the same manner, combining (23), (24), (31),  and (33) into a large matrix-vector form yields 
   
 
   
 
 


   
 # #
         0.5 1 + 0.5 1           0.5 1 + 0.5 1
                2 : / 2                   2 : / 2
= diag +
0.5 / 2 +1 + 0.5 / 2 +1 0.5 /
             / 2 + 2 :
b
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N Nν ηj N N j N
N N
                     
p
2 1 2 1
p2 2
2 1 2
p1
s
z z w w
sz w
z H
z z w
sz




   
 
2 +1 + 0.5 / 2 +1
                / 2 + 2 :
N
N N
       
b
1
1
w
w
w


        (37) 
whose # operation forms  
       
 
*# # ## ~ ~ ~ ~# *
-1 1
  
= = diag + = diag +b b
N -L
ν hν

    
b b p pz z H s w s F w0
                             (38) 
which gives the LS estimate of * h  
   -1 -1~ ~ ~* *= diag = + diagH HTD LSν ν  #b bp ph PF s z h PF s w                                     (39) 
Then, we have the estimate of * H  as 
 
*
*
-1 1
  = TD LSTD LS
N -L
νν



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hH F
0
                                                         (40) 
In terms of (35), (36), (39), and (40), the estimate of   can be formulated as 
* *+1
* *
=1 =1
* *+1
=1 =1
( ) ( )
= =
( ) ( )
N L
TD LS TD LS
k k
LS N L
TD LS TD LS
k k
ν k ν k
κ
μ k μ k
 
 
 
 
 
 
H h
H h
                                                       (41) 
From (35), (36), (39), and (40), we obtain the estimation mean square errors of * H  and H  as follows 
E - -
=
H
TD LS TD LSμ μ μ μ
N
 
 
              
H H H H  
* *
* * * *E - -
+1
=
H
TD LS TD LSν ν ν ν
L β
N Nγ
 
 
                 
H H H H
       (42) 
where  is signal-to-noise ratio (SNR) and is defined as     *E / 2nk k σs s [14], and 
    
      
*
*
E
=
E 1/ 1/
k k
β
k k
s s
s s
                                                                 (43) 
IV SIMULATION AND DISCUSSION 
In the following, a typical OFDM system is simulated to evaluate the performance of the proposed 
scheme against an ideal IQ OFDM receiver, a receiver with no compensation scheme, and those 
aforementioned compensation schemes, FD-LS/Post-FFT LS, FD-LS/Pre-FFT Corr, and SPP/Pre-FFT 
Corr in [1]. where A/B denotes compensation scheme with A being channel estimator and B being 
equalizer. Simulation parameters were : OFDM symbol length N=128 , cyclic prefix L+1=16 ,  signal 
bandwidth  BW=2MHz, digital modulation QPSK, carrier frequency fc=2GHz. A typical urban (TU) 
channel was employed in the simulation as in [15]. 
Figs. 3 to 4 compare the proposed scheme with the FD-LS channel estimator plus Post-FFT LS equalizer 
(FD-LS/Post-FFT) in [1], for different values of IQ imbalance parameters where NT denotes the number 
of consecutive training OFDM symbols (TOSs) with all subcarriers carrying pilot symbols at the 
beginning of each frame as shown in [1]. Here, our scheme uses two TOSs as shown in (21) and (20).  
From these figures, it is evident that the proposed scheme with only two TOSs  achieves the same BER 
performance as ideal IQ at low medium SNRs whereas the LS scheme in [1] costs about NT =2 TOSs to 
realize almost the same BER performance. Therefore, the proposed scheme is more effective in the sense 
of overhead. 
Figs. 5 and 6 plot the curves of BER  versus SNR of the proposed TD-LS/FD-GE scheme, the 
FD-LS/Post-FFT LS, the FD-LS channel estimator plus pre-FFT distortion correction (FD-LS/Pre-FFT 
Corr), and the special pilot structure based channel estimator plus pre-FFT distortion correction 
(SPP/Pre-FFT Corr) in [1] for  different values of IQ imbalance parameters where   NT =2 . In these two 
figures,  our scheme is obviously better on BER performance than the FD-LS/Post-FFT, the 
FD-LS/Pre-FFT Corr, and SPP/Pre-FFT Corr in [1].  
The complexity of three channel estimators the proposed TD-LS,  FD-LS in [1] and the SPP in [1] are     
      2 3 2 24 1 2 1 4/ 3 log log 1L N L N N N N L       , 236 64 / 3 0.5 logT TNN N NN N  , and 
  22 1 0.5 logT TN NN N   complex multiplications (CMs) where NF is the total number of non-training 
OFDM symbols. Clearly, three channel estimation has almost complexity. The computational amounts of 
three equalizer FD-GE, Post-FFT LS,  and Pre-FFT Corr  are  23 0.5 logF FNN NN N , 
232 / 3 2 0.5 logF FN NN NN N  , and   22 0.5 log FN N N N CMs. The proposed FD-GE  and 
Pre-FFT are slight lower on complexity than Post-FFT LS. Thus, we conclude that four schemes 
including the proposed TD-LS/FD-GE scheme, the FD-LS/Post-FFT LS, FD-LS/Pre-FFT Corr, and 
SPP/Pre-FFT Corr has almost the same computational amount. Hence, our scheme is very attractive for 
mitigating IQ imbalance in practical OFDM receivers.  
Additionally, our scheme can be applied to the case of frequency-dependent IQ imbalance parameters   
and *   like the FD-LS /Post-FFT LS  scheme in [1] (   and * depends on the subcarriers k 
(frequency-domain), these time-domain can not solve this problem, in general,  when bandwidth <20MHz, 
they can be viewed as constants [1]). However, these TD compensation schemes based on pre-FFT (TD) 
distortion correction are not suitable for this case [1]. 
V  CONCLUSIONS 
In this paper, a compensation scheme combining a TD-LS channel estimator and a FD GE equalizer is 
investigated in OFDM systems with IQ-imbalance at receiver. Compared with the FD-LS/Post-FFT LS, 
SPP/Pre-FFT Corr, and FD-LS/Pre-FFT Corr schemes in [1], this scheme shows  better  BER 
performance. More importantly, it needs only two OFDM training symbols to achieve the same BER 
performance as ideal IQ in the low and medium SNR regions. The proposed TD-LS/FD-GE can function 
in the case of frequency-dependent distortion parameters   and *  . However,  the schemes based on 
pre-FFT correction lack this capability.  Due to a short training pattern, the proposed scheme can be 
directly applied to  time-variant wireless channels. 
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Fig. 1.Discrete baseband OFDM systems with IQ imbalance at receiver  
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Fig. 2  Comparison of loss in SNR 
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Fig. 3  Comparison of BER performance for the proposed scheme with two training OFDM 
symbols and the LS in [1] with different numbers of training symbols in the case of o2  and 1
dB 
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Fig. 4 Comparison of BER performance for the proposed scheme with two training OFDM 
symbols and the LS in [1] with different numbers of training symbols in the case of o20  and 
4  dB. 
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Fig. 5  Comparison of BER performance for the proposed scheme and  three schemes in [1] for two 
OFDM training symbols in the case of o2  and 1 dB. 
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Fig. 6 Comparison of BER performance for the proposed scheme and three schemes in [1] for 
two OFDM training symbols in the case of o20  and 4  dB. 
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